ABSTRACT. In vast regions of the ocean, a significant fraction of the vital nutrient phosphorus (P) in surface waters is associated with dissolved organic matter (DOM). Oceanic biological productivity in these regions is potentially dependent on the regeneration of bioavailable forms of P from DOM. Using tangential-flow ultrafiltration, high molecular weight (HMW) DOM samples were collected for chemical analysis and 31 P Nuclear Magnetic Resonance (NMR) studies. In a profile of HMW DOP from the Pacific, depth related changes in dissolved organic P (DOP) concentration and C/N/P ratios indicate that DOP is preferentially regenerated from HMW DOM relative to dissolved organic carbon and dissolved organic nitrogen. NMR studies of these samples show that P esters (75 percent) and phosphonates (25 percent) were the major compound classes present in HMW DOP. HMW DOP appears to be highly enriched in phosphonates relative to marine organisms, where phosphonates comprise a very small fraction of total P. The origin of phosphonates in the marine environment is largely unknown, and the biogeochemical dynamics by which phosphonates become a major fraction of HMW DOP are not well understood. To explore possible sources of phosphonates in the marine environment, HMW DOM and particulate organic matter (POM) from cultures of four marine primary producers, as well as particulates from heterotrophic bacterial cultures, were examined by 31 P NMR. P esters were observed in all cultures, and phosphonates were detected in only two of the heterotrophic bacterial cultures. Several processes may be acting to produce the observed abundance of phosphonate-P in marine HMW DOP, including (1) selective preservation of phosphonates, and (2) production by an unrecognized source of phosphonates.
INTRODUCTION
Phosphorus (P) is a vital nutrient sustaining biological productivity in the world ocean (Froelich and others, 1982; Holland, 1978) . In vast oligotrophic regions, where DOP often dominates the total dissolved P (TDP) pool in surface waters (Karl and Yanagi, 1997; Orrett and Karl, 1987; Smith, Kimmerer, and Walsh, 1986) , the regeneration of dissolved inorganic P (DIP) from DOP is a critical step regulating P availability (Jackson and Williams, 1985; Ridal and Moore, 1992) , which may ultimately limit primary production (Broecker and Peng, 1982; Codispoti, 1989; Redfield, 1958) . Organic P compounds must first be converted to DIP for utilization by bacteria and phytoplankton (Ammerman and Azam, 1985) , thus the structural character of DOP influences its bioavailability. Identification of P compounds in the ocean is necessary for determination of the origin, transformations, and potential bioavailability of DOP and for understanding the structure of organic P which ultimately is incorporated into the geologic record (Berner and others, 1993; Ruttenberg and Berner, 1993) .
The chemical composition of marine DOM is inextricably linked to the biochemical composition of marine organisms. Marine organic matter is thought to originate primarily from phytoplankton production (Romankevich, 1984) . Phytoplankton exert a strong influence on the composition of seawater: nutrients are removed for synthesis of organic compounds, and organic matter is returned to seawater via cellular exudation and decomposition (Redfield, 1958; Sharp, 1977) . Recent studies have revealed chemically recognizable biomolecules as significant components of marine high molecular weight (HMW) dissolved organic carbon (DOC) and HMW dissolved organic nitrogen (DON) (Benner and others, 1992; Aluwihare, Repeta, and Chen, 1997; McCarthy and others, 1997; McCarthy, Hedges, and Benner, 1998; Tanoue and others, 1995) , but the lack of information on forms of P in marine DOM has limited our understanding of the marine P cycle.
Although specific organic P compounds have been identified in previous studies of aquatic environments, these compounds represent a very small fraction of DOP due in part to difficulties inherent in concentrating DOM (Ammerman and Azam, 1985, 1991; DeFlaun, Paul, and Davis, 1986; DeFlaun, Paul, and Jeffrey, 1987; Eisenreich and Armstrong, 1977; Flynn, Opik, and Syrett, 1986; Franko and Wetzel, 1982; Herbes, Allen, and Mancy, 1975; Karl and Bailiff, 1989; Minear, 1972; Paul, Jefferey, and DeFlaun, 1987; Pillai and Ganguly, 1972; Suzumura and Kamatani, 1995a, b; White and Miller, 1976) . With the recent advent of tangential-flow ultrafiltration, concentration and isolation of HMW DOM and particulate organic matter (POM) from natural waters in quantities sufficient for NMR spectroscopic analysis have become feasible (Benner, Biddanda, and others, 1997; Benner and others, 1992; Benner, 1991; . Because compounds are not distinguished by reactivity or extractability, the coupling of solid-state NMR and ultrafiltration has distinct advantages over previous techniques for determining structural composition of natural organic compounds. Tangential-flow ultrafiltration reproducibly collects 20 to 40 percent of dissolved organic matter (DOM) in seawater (Benner, Biddanda, and others, 1997) , which is the largest fraction of marine DOM that can currently be isolated. Although the majority of DOM released by phytoplankton is low molecular weight (LMW; Ͻ1000 Daltons), HMW DOM (1-100 nm size range) is a significant source of carbon and energy for marine bacteria (Amon and Benner, 1994, 1996) . Based on C/N ratios, stable and radiocarbon isotopic ratios, and biochemical composition, ultrafiltered HMW DOM isolates are considered compositionally similar to bulk DOM (Benner, Biddanda, and others, 1997; Benner and others, 1992; Guo, Santschi, and Warnken, 1995; Benner, 1993, 1996) .
Using tangential-flow ultrafiltration and 31 P Nuclear Magnetic Resonance spectroscopy, recent work has revealed the dominant compound classes of marine HMW DOP are P esters and phosphonates (Clark, Ingall, and Benner, 1998) . Phosphonates, a group of compounds containing a direct C-P bond, were found in surprisingly high abundance in HMW DOM relative to marine organisms. Little is known about the potential sources and sinks of dissolved organic phosphonates in the marine environment. As a first attempt to identify potential sources of P compounds observed in natural HMW DOM samples, we examined P structure in marine DOM and POM from cultures of four taxonomically diverse species of marine primary producers, as well as particulates from three cultures of heterotrophic bacteria. We have also examined changes in P concentration and C/N/P ratios in marine DOM from a depth profile in the Pacific Ocean to understand better the mineralization of C, N and P from HMW DOM.
METHODS
Tangential-flow ultrafiltration.-HMW DOM in the 1 to 100 nm size range was isolated from ϳ1000L of seawater from the surface, 100 m (chlorophyll maximum), 375 m (oxygen minimum), and 4000 m in the Pacific Ocean (12°S, 134°W) using previously described tangential-flow ultrafiltration procedures (Benner, Biddanda, and others, 1997) . Recovered isolates represent 38, 27, 19, and 22 percent of dissolved organic carbon from the surface, chlorophyll maximum, oxygen minimum zone, and deep waters, respectively (Benner and others, 1997) . Samples were separated into DOM and POM fractions by tangential-flow ultrafiltration using a 0.1 µm cutoff hollow-fiber filter and an Amicon DC10L ultrafiltration system (Benner and others, 1997) . DOM was separated into HMW (1-100 nm) and LMW (Ͻless than 1000 Daltons) fractions with Amicon DC10L and DC30 ultrafiltration systems using ϳ1 nm (1000 Dalton cutoff) pore-size spiral-wound polysulfone membranes (S10N1). After isolation by tangential-flow ultrafiltration, ultrafiltered DOM and POM samples were reduced in volume by rotary evaporation or centrifugation and dried in a Savant SpeedVac system to produce hundreds of milligrams of solid sample.
There are recognized problems and artifacts associated with isolating HMW DOP by ultrafiltration Bauer and others (1996) . The Amicon ultrafiltration system used in this study was run under similar conditions (flow, pressure, and filter surface area) to the Amicon systems that produced the most consistent recovery of DOP in the ultrafiltration comparison study of (Bauer and others, 1996) . While the authors recognize the importance of assessing possible system artifacts via blank procedures and mass balances (Bauer and others, 1996; Benner, Biddanda, and others, 1997; Benner and others, 1992; Buessler and others, 1996) , we are unable to assess P recovery directly for samples presented in this study because DOP measurements were not made on the whole seawater samples. However, our calculated percent recovery of DOP for these samples is in the same range as that of DOC (20-40 percent) (Benner, Biddanda, and others, 1997; Biddanda and Benner, 1997) . Percent recovery of DOP was determined by dividing the measured concentration of the ultrafiltered DOP concentrate by available estimates of DOP concentrations in Pacific seawater for each depth (Orrett and Karl, 1987; Ridal and Moore, 1992; Smith, Kimmerer, and Walsh, 1986; Karl and Tien, 1997) . Using available estimates from the literature, DOP concentrations at the surface and 100 m depth were approximately 0.2 µmol/L and 0.16 µmol/L, respectively. Recovery estimates for sites deeper than 100 m m are limited by the paucity of measurements made at these depths. Based on these DOP values, calculated recoveries were generally between 25 percent and 50 percent but never below 20 percent. These calculations are further substantiated by consistency with previously reported C/N/P ratios of marine DOM (Williams, 1986) . Also, the fact that NMR spectra were obtained suggests that DOP recovery is of the same order of magnitude as DOC, otherwise P concentrations would be too low to produce a NMR signal.
Several potential problems have been identified during ultrafiltration of P from seawater, including production of contaminant P due to leaching of P from surfaces within the ultrafiltration system, scavenging of inorganic P by sorption during concentration of trace metals, and potential artifactual production of colloidal organic P via the association of inorganic P with organic molecules (Bauer and others, 1996) . There is no evidence that any of these processes significantly affected the DOM samples presented here. If leaching P from surfaces were a significant process, it seems unlikely that nearly identical spectra would be obtained for the Pacific Ocean samples (see Results and Discussion) after sequential ultrafiltration of thousands of liters of seawater. It is also unlikely that leaching would yield significant quantities of phosphonates in some samples but not others (see Results and Discussion) . It is also extremely doubtful that possible scavenging of inorganic P into trace metals or colloidal organic molecules would result in the synthesis of C-P bonds. Additionally, if trace metal (that is paramagnetic) concentrations in DOM were significant, it would have been impossible to obtain an NMR signal (Ingall, Schroeder, and Berner, 1990; Nanny, Minear, and Leenheer, 1997) .
Phytoplankton and bacteria culture experiments.-Four taxonomically diverse species of marine phytoplankton were cultured as part of a previous study: Synechococcus bacillaris (a cyanobacterium), Phaoecystis sp. (a prymnesiophyte), Emiliania huxleyi (a coccolithophore), and Skeletonema costatum (a diatom) . Cultures were grown in 235 L polypropylene Nalgene biotanks in an environmental chamber for 14 days. Synthetic seawater media was used to ensure defined chemical composition and low organic matter content. Heterotrophic bacteria were present in very low abundances in cultures, and heterotrophic bacterial metabolism accounted for the processing of Ͻ1 percent of the organic matter produced by the phytoplankton in culture. The freshly produced organic matter from these cultures is therefore considered to originate from phytoplankton. At the end of the culturing period, cultures were separated into POM and DOM fractions by tangential-flow ultrafiltration with a 0.1 µm cutoff hollow-fiber filter and a DC 10L Amicon ultrafiltration system (Benner, 1991) . Further explanation of culturing procedures and results are detailed in Biddanda and Benner (1997) . The following freeze-dried bacterial culture samples were obtained from Sigma Chemical Co.: Azotobacter vinelandii (ATCC 12518), Bacillus subtilis (ATCC 6633), and Pseudomonas fluorescens (ATCC 13430).
Bulk analyses.-The organic carbon content of dried HMW DOM concentrates was measured following vapor phase acidification using a Carlo Erba 1108 CHN analyzer. Total phosphorus content of dried HMW DOM from the Pacific Ocean samples was determined by a modification of the combustion method of Aspila (Aspila, Agemian, and Chau, 1976) . Briefly, 5 mg of each sample were ashed at 550°C for 2 hrs and treated with 15 mL of 1N HCl. HCl extracts were filtered through a 0.45 µm puradisc polypropylene filter and were measured using standard spectrophotometric techniques (Murphy and Riley, 1962) .
Nuclear magnetic resonance spectroscopy experiments.-Solid-state 31 P cross-polarized magic angle spinning (CPMAS) NMR spectra were collected on a Chemagnetics CMX300 spectrometer at a frequency of 121.3 mHz and a spin rate of 5 kHz. For the Pacific Ocean samples, spectra were acquired using a pulse width of 4.4 µsec and a pulse delay of 500 msec. For all culture samples, spectra were acquired with a pulse width of 4.2 µsec and a pulse delay of 500 msec. Data were collected over a range of 20,000 to 160,000 transients. Line broadening of 50 Hz was applied to all samples. NMR standardization experiments were performed to determine if peak areas were proportional to the amount of P present in different compounds. Amounts of 2-aminoethylphosphonic acid (phosphonate) and phytic acid (P ester) were varied in a series of standards, and resulting peak areas corresponded proportionally to the amount of P present.
RESULTS AND DISCUSSION
Pacific Ocean samples.-Recently, the dominant compound classes of marine HMW DOP from a depth profile in the Pacific Ocean (12°S, 134°W) were identified using a combination of tangential-flow ultrafiltration and solid-state 31 P NMR spectroscopy (NMR; fig. 1 ) (Clark, Ingall, and Benner, 1998) . In all samples from this site, P esters and phosphonates were the two major classes of compounds revealed by 31 P NMR ( fig. 1 ). P esters, the large peak centered at a chemical shift of 0 ppm, were the most prominent feature of all spectra. P esters (monoester and diester phosphates) are synthesized by marine plankton and bacteria to form macromolecules such as nucleic acids and membrane phospholipids (Hori, Horiguchi, and Hayashi, 1984) . P esters are ubiquitous in their function as links between nucleotides of RNA and DNA. In phospholipids, lipid bilayers containing P esters create an interface between organic and aqueous environments. The abundance of P esters in marine DOP is undoubtedly related to the synthesis of P esters by all living organisms.
Phosphonates, a group of compounds containing a direct C-P bond, are also present in HMW DOP as revealed by the smaller peak at 25 ppm in all spectra. Phosphonates are often associated with phosphoproteins (Quin, 1967) and membrane phosphonolipids, considered an analog of phospholipids (Hori, Horiguchi, and Hayashi, 1984) . Phosphonolipids in outer membrane structures may offer cellular protection from enzymatic degradation or may provide extra rigidity (Kennedy and Thompson, 1970; Rosenberg, 1973) . For example, organisms capable of phosphonate synthesis often lack protective layers such as chitin or cellulose (Rosenberg, 1973) . Phosphonates have long been proposed as a significant fraction of marine DOP (Cembella and Antia, 1986; Kittredge, Horiguchi, and Williams, 1969) . Phosphonates have been identified in many but not all marine organisms (Hori, Horiguchi, and Hayashi, 1984; Kittredge and Roberts, 1969; Quin, 1967) , marine sediments (Ingall, Schroeder, and Berner, 1990) , and soil extracts (Stevenson, 1994) .
In a natural assemblage of plankton, 3 percent of total P was attributed to phosphonates (Kittredge, Horiguchi, and Williams, 1969) . Integration of NMR peak areas reveals an abundance (ϳ25 percent) of phosphonates in HMW DOP, which is surprising given that phosphonates comprise only a small percentage of P in phytoplankton. Unfortunately, quantitative measurement of marine phosphonates has proven difficult, and to the knowledge of the authors, there is presently no published data of measurable levels of phosphonate concentrations in marine waters (Cembella and Antia, 1986; Nowack, 1997) . The relatively high proportion of phosphonates in surface HMW DOP could be an indication of the preferential utilization of P esters relative to phosphonates, which may result in a relative accumulation of phosphonates in HMW DOP. Alternatively, bacteria or unknown planktonic phosphonate synthesizer(s) may contribute to the high abundance of phosphonate-P in marine DOP.
In marine waters, some dissolved P esters are rapidly utilized whereas phosphonates are thought to be chemically stable and resistant to hydrolysis and bacterial degradation (Hori, Horiguchi, and Hayashi, 1984) . Although cleavage of the C-P bond by bacteria has been observed (Cook, Daughton, and Alexander, 1978; Schowanek and Verstraete, Fig. 1. 31 P CPMAS NMR spectra of HMW DOM from the Pacific Ocean (12°S, 134°W). Depths represented are surface waters (2 m), chlorophyll maximum (100 m), oxygen minimum zone (375 m), and deep water (4000m). The peak at 0 ppm is indicative of phosphate esters, and the peak at 25 ppm denotes phosphonates. Asterisks indicate spinning sidebands, an artifact of magic angle spinning. Figure from Clark, Ingall and Benner, 1998. 1990 ), phosphonate degradation is inhibited by the presence of compounds containing orthophosphate, such as phosphate monoesters (Rosenberg and La Nauze, 1967) . Additionally, P esters can be utilized by both algae and bacteria, but only bacteria have demonstrated capability of cleaving C-P bonds (Schowanek and Verstraete, 1990 ).
The C/N/P atom ratio of the surface sample of HMW DOM is 247:15:1 (table 1) , which deviates from the Redfield ratio (C/N/P 106:16:1) for marine POM (Redfield, 1958) . This deviation suggests preferential regeneration of P and N relative to C (Loh, Bauer, and Wolgast, 1998) . One possible explanation for the higher proportion of phosphonates in surface HMW DOP relative to marine POM is that regeneration of P from marine organic matter must initially be a selective process, with P esters as a preferred substrate for microorganisms. The absolute concentration of DOP decreases from 90 nM in surface waters to 15 nM in deep waters (table 1) . Although there is a large decrease in DOP concentration with depth, 31 P NMR spectra of HMW DOP show P esters and phosphonates in constant relative proportions throughout the water column ( fig. 1 ). These data indicate that P esters and phosphonates are utilized at proportionately equivalent rates in deeper waters. Apparent differences in P ester reactivity in surface versus deep waters may result from P esters occurring in a variety of biochemical classes of differing reactivities. Reactive P esters are swiftly assimilated in surface waters, resulting in enrichment of deep waters in less reactive DOP compounds. Depth profiles of other dissolved organic compounds, such as polysaccharides, have also revealed trends of depth dependent lability (Benner and others, 1992) . The abundance of phosphonates relative to P esters and the C/P data suggest that initial degradation of HMW DOP in surface waters is selective, followed by non-selective decomposition of P esters versus phosphonates throughout the remainder of the water column.
HMW DOM is P depleted relative to Redfield values throughout the entire water column. C/P ratios increase with depth from 247 in surface waters to 539 in deep waters (table 1) . Similarly, N/P ratios increase with depth from 15 in surface waters (close to Redfield value of 16) to 30 in deep waters. Although it is unknown whether DOM is produced in Redfield stoichiometry, HMW DOP appears to be preferentially regenerated from DOM relative to both DOC and DON. Selective removal of DOP from DOM has also been observed in the Southern California Bight, an open coastal environment (Williams, 1986 ). These observations parallel previous studies of particulate organic matter, which demonstrate preferential loss of P relative to C during oxic decomposition of particles in both the water column and sediments (Bishop and others, 1977; Knauer, Martin, and Bruland, 1979; Krom and Berner, 1981; Suess and Mü ller; 1980) . Preferential regeneration of P from HMW DOM indicates that HMW DOP must ultimately cycle more efficiently than either HMW DOC or HMW DON. The observed preferential regeneration of P from HMW DOM presumably reflects the nutrient requirements of marine microorganisms, suggesting that P is a limiting nutrient. If this assumption is correct, it is unclear why microorganisms residing in the deep ocean regenerate DIP from DOP in the presence of high concentrations of DIP. Clark, Ingall, and Benner, 1998. The reactivity of marine DOP was investigated recently by ultraviolet (UV) photodecomposition and enzymatic decomposition. In the North Pacific Ocean (Hawaii Ocean Time Series Station ALOHA 22°45ЈN, 158°W), DOP has experienced a six year net accumulation during the El Niñ o Southern Oscillation (ENSO) period, attributed to production of a soluble nonreactive P fraction (Karl and Tien, 1997) . Photodecomposition of DOP from Station ALOHA revealed two distinct P compound classes within DOP: a monoester-rich photoreactive fraction dominating waters Ͻ100 m deep, and a less photoreactive fraction increasing below 100 m attributed to nucleotides (Karl and Yanagi, 1997) . In another recent study, HMW DOP was isolated from the surface waters of Tokyo Bay by ultrafiltration. A significant fraction of HMW DOP (43-67 percent) was resistant to hydrolysis by alkali phosphatase and phosphodiesterase as determined by enzymatic characterization (Suzumura, Ishikawa, and Ogawa, 1998) . Evidence from both studies suggests that a significant fraction of DOP is resistant to decomposition, but neither provides definitive information regarding the chemical structure of these resistant fractions. Our NMR data, which demonstrate the persistence of P esters and phosphonates throughout the water column, suggest that resistant fractions observed in these studies may consist of both these compound classes.
Geopolymerization has been suggested as a potential mechanism to explain the production of less reactive dissolved organic matter (Harvey and others, 1983) . However, the persistence of P esters and phosphonates from surface to deep waters suggests that less reactive fractions of HMW DOP consist of common biochemical structures most likely produced in surface waters. Similarly, 15 N CPMAS NMR spectra of the same 12°S Pacific Ocean samples reveal the persistence of surface-produced amides as the dominant component of dissolved organic nitrogen (DON) throughout the water column (McCarthy and others, 1997 ). In addition, recent studies highlight the significance of less reactive biomolecules such as bacterial membrane proteins (Tanoue and others, 1995) and peptidoglycan (McCarthy, Hedges, and Benner, 1998) in marine DOM. Collectively, these studies suggest that the chemical composition of DOM is a reflection of biologically produced structures rather than unrecognizable products of geopolymerization.
Because DOP remineralization is a potentially significant source of DIP in oligotrophic ocean regions, understanding the composition of marine DOP is key to understanding possible controls on marine biological productivity. To assess the potential significance of DOP remineralization as a source of DIP for primary production, we calculated the amount of P associated with DOP, as well as the amount of DIP in the euphotic zone (upper 100 m) of the Pacific Ocean. To calculate conservatively the amount of DOP, we assumed a DOC concentration of 80 µM (Benner, Biddanda, and others, 1997) , a DOC/DOP ratio of 270, and a Pacific Ocean euphotic zone volume of 1.65 ϫ 10 17 km 3 . We calculated 4.89 ϫ 10 11 mol P in DOP for the Pacific euphotic zone. We made two calculations for the amount of DIP based on two different estimates of DIP concentration in the euphotic zone of the Pacific. Using Perry and Eppley's (1981) estimate of 25 nM DIP, we calculated 4.13 ϫ 10 10 mol P in DIP. For this estimate, the total amount of DOP exceeds the amount of DIP by an order of magnitude. We also used Smith's (1986) estimate of 100 nM DIP and calculated 1.65 ϫ 10 11 mol P in DIP, the same order of magnitude as our estimate for DOP. These calculations demonstrate the quantitative significance of DOP to the surface waters of the Pacific Ocean. Given that the size of the DOP reservoir exceeds that of DIP in the euphotic zone, our calculations suggest that regeneration of DIP from DOP could be a significant source of P for sustaining productivity in the euphotic zone of oligotrophic ocean regions.
Culture experiments.-Marine organic matter is thought to originate primarily from phytoplankton production, thus cultures of four major marine primary producers were examined in an attempt to ascertain potential sources of HMW DOP. Although the cultured species certainly are not representative of every species of phytoplankton in the world ocean, these species encompass a wide geographic distribution and represent a taxonomically diverse assemblage of phytoplankton. Until recently, phosphonates were not even known as a significant component of marine DOP, thus there is little information regarding the sources and sinks of these compounds in the ocean. The present study provides a first glimpse, rather than an exhaustive review, of possible biological sources of marine phosphonates.
Four ecologically significant species of marine primary producers were cultured and examined, including three algae (Emiliania huxleyi, Skeletonema costatum, and Phaeocystis sp.) and one cyanobacterium (Synechococcus bacillaris). Each culture was separated by ultrafiltration into two size fractions that were harvested: POM (0.1-60 µm) and HMW DOM (1-100 nm). In the natural environment, DOM is derived from phytoplankton via direct exudation, POM decomposition, cell lysis, and sloppy feeding by grazers, among other pathways. In these culture experiments, however, no grazers were present, and direct release of DOM by the phytoplankton cultures was the primary source of HMW DOM. In an effort to understand how and where phosphonates are incorporated into HMW DOP, both the POM and HMW DOM fractions from these cultures were analyzed.
In all four species of phytoplankton, NMR spectra of ultrafiltered POM reveal P esters (0 ppm), the only P compound present ( fig. 2) . Previous work suggests that Emiliania huxleyi synthesizes phosphonates (Kittredge, Horiguchi, and Williams, 1969) , but there is no indication of phosphonates in NMR spectra of the POM fraction of E. huxleyi. NMR spectra of the HMW DOM isolates from the four cultures are very similar to the POM spectra, with P esters as the only P compound observed ( fig. 3) . Unfortunately, there was insufficient sample (ϳ300 mg) to characterize the E. huxleyi DOM sample by NMR. Considering the abundance of phosphonate-P observed in HMW DOP isolated from the Pacific Ocean, the results of this part of the study can be interpreted several ways, one or all of which may be operative. One possibility is that one or more of the cultured species synthesize phosphonates but in concentrations too low for detection by NMR. The relative abundance of phosphonates in HMW DOP from the Pacific Ocean could result from selective preservation of these compounds during organic matter decomposition. A second possibility is that the phosphonates in DOM may be derived from other species of phytoplankton and/or bacteria. Yet another possible source of phosphonates is marine protozoans and metazoans, which have been documented as phosphonate synthesizers (Sul and Erwin, 1997; Nakhel, Mastronicolis and Miniadis-Meimaroglou, 1988; Araki and Satake, 1984; Matsubara, Morita, and Hayashi, 1990; Hori, Horiguchi, and Hayashi, 1984) .
To examine the possibility of bacterial phosphonate production, we also examined heterotrophic bacterial cultures purchased from Sigma. Although the three culture samples obtained were terrestrial soil bacteria, these genera are considered structurally and compositionally similar to their marine counterparts. 31 P NMR spectra of these cultures ( fig. 4) revealed that the two Gram-negative species (Azotobacter vinelandii, Pseudomonas fluorescens) had peaks at both 20 and 0 ppm, indicating synthesis of phosphonates in addition to P esters. However, NMR spectra of the Gram-positive heterotrophic bacterium (Bacillus subtilis) reveal that this organism does not produce phosphonates, as denoted by the single P ester peak (0 ppm). Based on this initial 31 P NMR survey of marine primary producers and terrestrial heterotrophic bacteria, some Gram-negative heterotrophic bacteria appear to synthesize phosphonates. Synthesis of phosphonates by heterotrophic Gram-negative bacteria is further substantiated by the detection of active phosphoenylpyruvate phosphomutase (PEPPM), the enzyme catalyzing the formation of the C-P bond, in Gram-negative bacteria (Nakashita, Shimazu, and Seto, 1991) . However, cultures of Synechococcus bacillaris, a Gram-negative cyanobac-teria, did not synthesize phosphonates, therefore phosphonate synthesis does not appear to be a universal quality of Gram-negative bacteria.
There are obviously many more species of phytoplankton and bacteria (in addition to protozoans and metazoans) to be examined, but our results are nonetheless intriguing. Very recent work (McCarthy, Hedges, and Benner, 1998) has revealed a major bacterial cell wall component in marine HMW DON. Remnants of peptidoglycan from bacterial cell walls are derived in part from Gram-negative bacteria, which have thin layers of peptidoglycan in their cell wall. The accumulation and persistence of these compounds is attributed, in part, to intrinsic structural properties. An analogous conclusion may be Fig. 3 . 31 P CPMAS NMR spectra of HMW DOM from phytoplankton cultures: (A) Skeletonema costatum, (B) Phaeocystis sp., and (C) Synechococcus bacillaris. The central peak at 0 ppm indicates P ester structure. Spinning sidebands of the P ester peak are denoted by asterisks. Data were collected over 100,000 to 130,000 transients. drawn regarding the persistence of phosphonates, namely the strength of the C-P bond may contribute to selective preservation of these molecules. Our results, which suggest that a fraction of marine HMW DOP may be derived from bacteria, are consistent with recent results revealing bacteria as major contributors to marine HMW DON. Fig. 4 . 31 P CPMAS NMR spectra of particulates from bacterial culture. The central peak at 0 ppm indicates P ester structure in all cultures. Spinning sidebands of the P ester peak are denoted by asterisks. A peak at 20 ppm indicates the presence of phosphonates in cultures of Azotobacter vinelandii and Pseudomonas fluorescens. Spinning sidebands of the phosphonate peak are indicated by the ٙ symbol. Data were collected over 15,000 transients.
CONCLUSIONS
Although previous studies have identified specific organic P compounds in aquatic environments, these compounds represent a small fraction of total DOP, leaving the bulk composition of marine DOP largely unknown. We have determined that HMW DOP consists primarily of P esters and an unexpectedly high proportion of phosphonates for a site in the Pacific Ocean. Observed depth related changes in DOP concentration and C/P ratios indicate that (1) P is preferentially regenerated from HMW DOM relative to C and N, and (2) DOP remineralization is a potentially significant source of DIP in oligotrophic ocean regions. A first attempt to determine the biological source of phosphonates reveals that some bacteria synthesize phosphonates and could therefore be an important source of DOP. Additional characterizations of marine phytoplankton, bacteria, and possibly protozoans and metazoans, are needed to understand better the sources and contribution of DOP to the marine P cycle and its subsequent effect on global marine productivity.
